Objective: To investigate the influence of phthalate exposure on lung function in the Canadian population. Methods: We tested the association between 1-second forced expiratory volume (FEV l ), forced vital capacity (FVC), and urinary phthalate metabolite levels in a nationally representative sample of 3147, from 6 to 49 years old. Results: An interquartile increase in mono-nbutyl phthalate was associated with decreases in percent predicted FEV 1 of 0.8% (95% confidence interval = 0.3 to 1.4) and in FVC of 0.9% (95% confidence interval = 0.3 to 1.5). Results were similar for mono-3-carboxypropyl phthalate, mono-benzyl phthalate, and di(2-ethylhexyl) phthalate metabolites, but significant effects of the latter were only seen in males and those at least 17 years old. Conclusions: These results provide evidence that phthalate exposure may adversely affect lung function in the Canadian population. Given that these chemicals are ubiquitous, the population health burden may be significant if the associations were causal. D iesters of phthalic acid, collectively called "phthalates," are widely used as plasticizers in the manufacture of polyvinyl chloride (PVC) plastics, solvents, clothing, personal care products, and toys.
D
iesters of phthalic acid, collectively called "phthalates," are widely used as plasticizers in the manufacture of polyvinyl chloride (PVC) plastics, solvents, clothing, personal care products, and toys. 1 Exposure to phthalates is widespread, with higher concentrations often observed in children than in adults. 2, 3 There is evidence that phthalates may increase the risk of allergy and asthma. Greater household dust concentrations of butyl-benzyl phthalate and di(2-ethylhexyl) phthalate (DEHP) were found among Swedish children with rhinitis, eczema, or asthma than in children without allergic symptoms. 4 The amount of PVC plastic flooring and wall coverings has been associated with bronchial obstruction 5 and asthma 6 among Norwegian and Finish children, respectively. House dust concentrations of DEHP are higher in homes with more PVC plastic, 7 suggesting that the observed effect of plastic wall coverings may be mediated by phthalate exposure. There is some evidence of an association between phthalates and respiratory outcomes in adults, as well as differences by sex. In a subgroup of 240 adults who had participated in the US Third National Health and Nutrition Examination Survey between 1988 and 1994 (NHANES III), an interquartile range (IQR) change in urinary monobutyl phthalate (MBP) was associated with a 112-mL (standard error [SE] = 51) decrease in the 1-second forced expiratory volume (FEV 1 ) among men, but not among women. 8 A more recent study by the same author using data from 2325 participants collected between 2005 and 2006 from NHANES found that a high-molecular-weight phthalate metabolite was positively associated with allergic symptoms in adults but not in
Learning Objectives
r Summarize previous knowledge on population exposure to phthalates and associations with respiratory health.
r Outline the new findings on associations between urinary phthalate levels and lung function measures in the Canadian population.
r Discuss the likely population impact of the observed associations, including observed differences in children compared to adults.
children. This data suggest that there may be complex relations between phthalate exposure and respiratory health, requiring repeated further research. 9 In this study, we investigate the possible association between phthalate exposure and respiratory outcomes, using objective measures of both biological phthalate dose and physiologic lung function in males and females, in children and adults, obtained from the 2007 to 2009 Canadian Health Measures Survey (CHMS).
RESEARCH METHODS Study Population
Subject data were obtained from the CHMS, cycle I (2007 to 2009). The methodology for the survey has been described in detail elsewhere. 10 In brief, the CHMS is a general survey in Canada, representative of about 96% of the population aged 6 to 79 years, excluding those in the armed forces, people living on reserves, in institutions, or homeless. 11 Eighteen examination sites were set up to perform physical measurements. They were distributed among five regions across Canada: British Columbia, the Prairies, Ontario, Quebec, and the Atlantic provinces. Using the 2006 Canadian census, households within 100 km of each study site were sampled within 11 age and sex groups. There were approximately 350 respondents per site. This is a direct health measures survey, sampling across Canada, with each subject's results weighted according to the number of people they represent in the general population. The bootstrap method was used to estimate SEs and confidence intervals (CIs). 12, 13 For this analysis, subjects were included if both spirometry and phthalate measurements were available (n = 3147).
PHYSIOLOGIC MEASURES Lung Function
Lung function was tested using a KoKo Spirometer TM (Ferraris CardioRespiratory, Pulmonary Data Services, Inc, Louisville, CO). Spirometry was carried out by trained personnel following standardized criteria for test performance.
14 A maximum of eight trials were permitted to obtain three acceptable and reproducible test results. The greatest values obtained for the FEV l and forced vital capacity (FVC) were considered the primary outcome variables. They were expressed as a percentage of predicted accounting for age, height, and sex, using previously developed prediction equations developed from data on an American population. 15 Unless otherwise specified, percentages of predicted FEV 1 and FVC are referred to in the Results and Discussion sections simply as FEV 1 and FVC.
Exclusion criteria included having an acute respiratory tract infection, an inability to understand the instructions, being more than 24 weeks' pregnant, suffering a heart attack in the past 3 months, or having had major chest or abdominal surgery within the past 3 months.
Urinary Phthalate Measurements
Eleven phthalate metabolites-mono-n-butyl phthalate (MnBP), mono-benzyl phthalate (MBzP), mono-cyclohexyl phthalate (MCHP), mono-3-carboxypropyl phthalate (MCPP), mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono-2-ethylhexyl phthalate (MEHP), mono-(2-ethyl-5-oxohexyl) phthalate (MEOHP), mono-ethyl phthalate (MEP), mono-methyl phthalate (MMP), mono-isononyl phthalate (MiNP), and mono-n-octyl phthalate (MnOP)-were measured in urine samples from respondents between 6 and 49 years of age (n = 3236). Analyses were conducted at the Centre de Toxicologie du Quebec using ultra-performance liquid chromatography tandem mass-spectrometry, as previously described. 16 Detection rates were lower than 20% for MMP, 13% for MCHP, 6% for MnOP, and 1% for MiNP. These four metabolites were excluded from further analysis. The remaining seven of the metabolites-MEP, MnBP, MBzP, MEHP, MEHHP, MEOHP, and MCPP-were detected in more than 92% of Canadians. Metabolite concentrations that were below the limit of detection (LoD) were assigned a value one half of the LoD. 17 The secondary metabolites MEHHP and MEOHP exhibit longer half-lives of elimination than MEHP alone, and together represent useful parameters for DEHP biomonitoring that may be considered representative of DEHP exposure. 18 Therefore, the DEHP metabolites MEHP, MEHHP, and MEOHP were evaluated as the sum of exposures of all three on a μg/g basis, here denoted " DEHP."
STATISTICAL ANALYSIS
The approach to analysis was performed as previously described, 19 using generalized linear mixed models with sampling weights, to test the association between phthalate exposure and lung function, expressed as a percentage of predicted on the basis of age, height, and sex. Results were adjusted for body mass index, ethnicity (white vs other), greatest household education (no postsecondary education, postsecondary non-university education, university certificate below bachelor level and bachelor's degree, and university degree above bachelor's degree), household income (<$50,000, $50,000 to $60,000, $60,000 to $80,000, $80,000 to $100,000, >$100,000), and passive smoking and current smoking (current, former, never), as smoking is a known risk factor for respiratory illness. Results were also adjusted for ambient environmental conditions on the day of the lung function measurements. Meteorological data-temperature, relative humidity, and barometric temperaturewere obtained from the Climate Data and Information Archive. 20 The air pollutants, nitrogen dioxide, ozone, and fine particulates (PM 2.5 ) were provided by the National Air Pollution Surveillance Program. 21 All main effects and first-order interaction products with phthalates were considered. If the Wald chi-squared statistic P value was less than 0.10 for a main effect or interaction product, it was retained. The final model contained the selected variables and covariates if they were significant at P < 0.05 or if they confounded the exposure-outcome relationship (ie, a change of 10% in the coefficient for exposure). Previous research has found differences in phthalate concentrations by age group, and this was also the case in this study. Therefore, we segmented the analyses according to agechildren (6 to 16 years) and adults (17 to 49 years). The final model variables were PM 2.5 , age, sex, smoking status, fasting, income, and education for all phthalates, with age × phthalates and sex × phthalates interaction terms significant for DEHP. These were selected from the whole sample and used in the subset analysis.
Two modeling approaches were tested to account for creatinine: in the first model, phthalate levels were adjusted by creatinine levels to minimize the effect of urine dilution (μg/g of creatinine); in the second model, lung function was examined with phthalates unadjusted for creatinine in the urine, but with creatinine included as a factor. 22 In both cases the results were very similar; therefore, we present results from the first model only, with phthalate levels adjusted for urinary creatinine. Results were expressed as the percentage change in the physiologic variable for an increase in the phthalate metabolite concentration equivalent to its IQR. Spearman pairwise correlation coefficients were calculated between the phthalate compounds. All data management and regression modeling was completed in SAS, v9.1 (Cary, NC).
RESULTS
Of the 5604 subjects in the CHMS, spirometry was measured in 5011, and phthalates in 3236, all aged between 6 and 49 years. A total of 3147 subjects had measurements available for both spirometry and phthalates and were included in this analysis. The average age of our study population was 20.7 years, almost half were male, and the majority of subjects were white, with better than a high school education and an average household income of $84,598 (Table 1) . Mean physical and physiologic characteristics were unremarkable.
The highest urinary phthalate geometric mean concentrations fell between 41 and 63 μg/g of creatinine, for MEP ( Reductions of approximately 1% in FEV 1 or FVC were significantly associated with an IQR increase in the geometric means of MnBP, MBZP, MCPP, and DEHP for the population as a whole (Table 3) . A greater reduction in FEV 1 than FVC significantly lowered the FEV 1 /FVC ratio for MBzP.
Among children between 6 and 16 years old, an IQR increase in MCPP was associated with reductions of 3.9% (95% CI = 1.4 to 6.3) in FEV 1 and 3% (95% CI = 1.4 to 4.7) in FEV 1 /FVC (Table 4) . Among adults aged 17 to 49 years, FEV 1 and FVC were approximately −0.9% (95% CI = 0.2 to 1.6) lower for DEHP. Among adults, an IQR increase in MBzP and DEHP was negatively associated with the FEV 1 /FVC ratio, with a magnitude of the observed effect of approximately 1%. Decrements in all three parameters were significant for an IQR change in DEHP in adults.
Increases in MnBP, MCPP, MEP, and DEHP were significantly associated with reductions in FEV 1 or FVC in men, compared with only MnBP in women ( Table 5 ). The observed effect sizes were approximately 1% for IQR increases in phthalate metabolites. For DEHP all three lung function parameters were significantly reduced by an IQR change in urinary phthalate.
To further explore the observed differences in sex in Table 5 , the changes in predicted spirometry values were evaluated for both age and sex for an IQR change in DEHP (Table 6 ). For males younger than 16 years, FVC and FEV 1 /FVC were significantly reduced, whereas all three parameters were significantly reduced in male adults. There was no significant change for females in either age group for any parameter, suggesting a higher susceptibility for males in the study population.
DISCUSSION
In this large population-based national study, we found associations between the body burden of specific phthalates and small but significant reductions in physiologic lung function. For six of the seven phthalates, levels were greater in children than in adults. Significant observed effects were seen between lung function among children for MnBP and MCPP, whereas for adults associations were seen for MBzP and MEP and DEHP metabolites. Observed effects in males were greater than in females. For males, associations were found with MnBP, MCPP, MEP, and DEHP metabolites, whereas for women the only significant relation was between FVC and MnBP.
In this study, phthalate metabolites were associated with reductions of approximately 1% in lung function in adults, and in the case of MCPP, a 3% to 4% decrement in children in FEV 1 and FEV 1 /FVC. A reduced ratio is commonly seen with an airflow obstruction, whereas the more frequently seen reduction in FEV 1 and FVC in this study, rather than the ratio between the two, is consistent with a mild restrictive respiratory condition. 23 Although the reduction is small at an individual level, the size of reduction that we report may be of public health importance when exposure affects the entire population. Similar age differences in exposure levels have been found elsewhere, for example, in Denmark where younger children had a higher phthalate burden than older children and adolescents, 24 and in Germany. 18 Levels of phthalates were higher in females than in males, as previously found. 17 Nevertheless, among males, phthalate metabolites were more often significantly associated with decreased lung function. This finding may be the result of subgroup analysis, although sex differences in health outcomes related to phthalate exposure have been previously reported; among 240 adults who participated in NHANES III, an MBP level of 31.53 ng/g creatinine was significantly associated with decrements in three measures of 
Human Studies
There is uncertainty about the role of phthalates in causing pulmonary toxicity. One systematic literature review concluded that, in humans, occupational exposure to PVC-containing fumes, and residential exposure to PVC-containing dust are associated with an increased risk of respiratory symptoms. 25 DEHP, a parent compound of MEHP, is a major component of PVC. Hsu et al 26 reported an association between levels of phthalates in settled house dust and allergy and asthma in children, whereas a birth cohort study found log-unit increases in urinary concentrations of DEP and butyl-benzyl phthalate were associated with 6.6% and 8.7% increases in exhaled nitric oxide, respectively. 27 This study adds to the evidence for phthalates being risk factors for respiratory health in the home environment. Oxidative stress may be one mechanism to explain the association between respiratory health and phthalates. Among 418 elderly Korean subjects, the association between MEHHP phthalate and MEOHP on FEV 1 /FVC was significant in subjects with certain genetic polymorphisms of oxidative stress-related genes. 28 Nevertheless, one comprehensive review of animal and human studies concluded that there is insufficient evidence to prove that phthalate exposure is a risk factor for allergic sensitization or asthma in humans at levels of exposure outside the occupational setting. 29 Since this review was published, Hoppin et al 9 reported that concentration of a high-molecular-weight phthalate metabolite, MBzP, was positively associated with allergic symptoms in adults but not in children.
Animal Studies
Little is known about mechanisms whereby phthalates could potentially cause pulmonary toxicity. One study reported that MEHP induced bronchial hyperreactivity in rats, and the increased rat tracheal smooth muscle response to methacholine, and postulated that the observed effect may be mediated by inhibition of protein kinase C, which relaxes smooth muscle. 30 In humans, increased airway responsiveness to methacholine is highly predictive of clinical asthma and used as a diagnostic test. Oie et al 31 
Strengths and Limitations of This Study
This study benefited from the use of objective measures of both phthalate exposure and of lung function in a nonbiased large population-based sample. The information gained from spirometry is clinically important. It is used to determine the degree of impairment from respiratory disease, and to diagnose chronic obstructive lung disease and acute asthma exacerbations. Although the changes in spirometry-derived variables were relatively small, levels of ambient air pollution, which are associated with changes of this magnitude, are also associated with a similar percentage increase in hospitalizations for respiratory disease among certain sociodemographic subgroups. 35 Confounding of the observed association between urinary phthalate and lung function is a possibility, but it would require a factor that is associated with the exposure and is also a risk factor for the outcome. Given the short half-life of phthalates such as DHEP, 36 the urinary concentrations represent current exposure. If the study participants' lifestyle and environment has not changed, then it would be expected that the current concentration may also reflect longer term exposure but this cannot be assumed. Cross-sectional study designs do not normally allow us to distinguish acute from chronic pulmonary effects. We can only say that reduced lung function is associated with elevated levels of urinary phthalates.
CONCLUSIONS
Our findings suggest that phthalates at concentrations experienced by the general population may have adverse physiologic effects, and that males might be at a higher risk. The observed effect sizes are for the most part relatively small, but given that phthalates are ubiquitous in our society, exposure is near universal and therefore the population-attributable risk of reduced lung function may be significant if the observed effects were causal. Understanding the health-related effects of phthalates has a practical application given that modification of phthalate exposure is possible through changes in manufacturing and consumer choices.
